We report the discovery of the most metal-poor dwarf star-forming galaxy (SFG) known to date, J0811+4730. This galaxy, at a redshift z=0.04444, has a Sloan Digital Sky Survey (SDSS) g-band absolute magnitude M g = −15.41 mag. It was selected by inspecting the spectroscopic data base in the Data Release 13 (DR13) of the SDSS. LBT/MODS spectroscopic observations reveal its oxygen abundance to be 12 + log O/H = 6.98 ± 0.02, the lowest ever observed for a SFG. J0811+4730 strongly deviates from the main-sequence defined by SFGs in the emission-line diagnostic diagrams and the metallicity -luminosity diagram. These differences are caused mainly by the extremely low oxygen abundance in J0811+4730, which is ∼ 10 times lower than that in main-sequence SFGs with similar luminosities. By fitting the spectral energy distributions of the SDSS and LBT spectra, we derive a stellar mass of M ⋆ = 10 6.24 − 10 6.29 M ⊙ (statistical uncertainties only), and we find that a considerable fraction of the galaxy stellar mass was formed during the most recent burst of star formation.
INTRODUCTION
Extremely metal-deficient star-forming galaxies (SFGs) with oxygen abundances 12+log O/H 7.3 constitute a rare but important class of galaxies in the nearby Universe. They are thought to be the best local analogs of the numerous population of the dwarf galaxies at high redshifts that played an important role in the reionization of the Universe at redshifts z ∼ 5-10 (e.g. Ouchi et al. 2009; Karman et al. 2017) . Their proximity permits studies of their stellar, gas and dust content with a sensitivity and spectral resolution that are not possible for high-z galaxies.
Many efforts have been made in the past to discover the most metal-poor nearby galaxies. The galaxy I Zw 18, first spectroscopically observed by Searle & Sargent (1972) , with oxygen abundances 12+log O/H ∼ 7.17-7.26 in its two brightest regions (e.g. Skillman & Kennicutt 1993; Izotov & Thuan 1998 ) stood as the lowest-metallicity SFG for a long period. It was replaced by SBS 0335−052W with an oxygen abundance 12+log O/H=7.12±0.03, derived from the emission of the entire galaxy (Izotov et al. 2005) , and oxygen abundances in its two brightest knots of star formation of 7.22 and 7.01 (Izotov et al. 2009 ).
The large data base of the Sloan Digital Sky Survey (SDSS) offered a possibility for a systematic search of the most metal-deficient SFGs. In particular, Izotov et al. (2012) and Guseva et al. (2017) found two dozens of galaxies with 12+log O/H<7.35 in the SDSS. However, no SFG with a metallicity below that of SBS 0335−052W was found.
Local galaxies with very low-metallicities have also been discovered in other contexts. Pustilnik, Kniazev & Pramskij (2005) studying the properties of dwarf galaxies in the Cancer-Lynx void found that the weighted mean oxygen abundance in five regions of the irregular dwarf galaxy DDO 68 is 12+log O/H=7.21±0.03.
Two extremely metal-poor dwarf galaxies were discovered in the course of the Arecibo Legacy Fast ALFA survey (ALFALFA, Giovanelli et al. 2005; Haynes et al. 2011) . Skillman et al. (2013) found that the oxygen abundance in the nearby dwarf galaxy AGC 208583 = Leo P is 7.17±0.04, still more metal-rich than SBS 0335−052W. Finally, Hirschauer et al. (2016) showed that the nearby dwarf galaxy AGC 198691 has an oxygen abundance of 12 + logO/H = 7.02±0.03, lower than the average value in SBS 0335−052W.
In this paper, we present Large Binocular Telescope 0.48±0.02 † Corrected for Milky Way extinction. ‡ Derived from the extinction-and aperture-corrected SDSS spectrum. ‡ ‡ Derived from the extinction-and aperture-corrected LBT spectrum.
* Corrected for extinction and the SDSS spectroscopic aperture. † † Derived from the Kennicutt (1998) relation using the extinction-and aperture-corrected Hβ luminosity.
(LBT) 1 spectroscopic observations with high signal-to-noise ratio of the compact dwarf SFG J0811+4730. This galaxy stood out by its emission-line ratios, during the inspection of the spectra in the SDSS Data Release 13 (DR13) data base (Albareti et al. 2016) , as potentially having a very low metallicity. Its coordinates, redshift and other characteristics obtained from the SDSS photometric and spectroscopic data bases are shown in Table 1 .
The LBT observations and data reduction are described in Sect. 2. We derive element abundances in Sect. 3. Integrated characteristics of J0811+4730 are discussed in Sect. 4. Emission-line diagnostic diagrams and the metallicity-luminosity relation for a sample of the mostmetal poor SFGs, including J0811+4730, are considered in Sect. 5. Finally, in Sect. 6 we summarize our main results.
LBT OBSERVATIONS AND DATA REDUCTION
We have obtained LBT long-slit spectrophotometric observations of J0811+4730 on 1 February, 2017 in the twin binocular mode using both the MODS1 and MODS2 spectrographs 2 , equipped with two 8022 pix × 3088 pix CCDs. The G400L grating in the blue beam, with a dispersion of 0.5Å/pix, and the G670L grating in the red beam, with a dispersion of 0.8Å/pix, were used. Spectra were obtained in the wavelength range 3200 -10000Å with a 1.2 arcsec wide slit, resulting in a resolving power R ∼ 2000. The seeing during the observations was in the range 0.5 -0.6 arcsec.
Six 890 s subexposures were obtained with each spectrograph, resulting in the total exposure of 2×5340 s counting both spectrographs. The airmass varied from 1.16 for the first subexposure to 1.05 for the sixth subexposure. The slit was oriented at the fixed position angle of 80
• . This is to be compared with the parallactic angles of 74
• during the first subexposure and of 53
• during the sixth subexposure. According to Filippenko (1982) , such differences between the position angle and the parallactic angle would result in an offset perpendicular to the slit of the [O ii] λ3727 wavelength region relative to the Hβ wavelength region of less than 0.1 -0.2 arcsec. Thus, the effect of atmospheric refraction is small for all subexposures.
The spectrum of the spectrophotometric standard star GD 71, obtained during the same night with a 5 arcsec wide slit, was used for flux calibration. It was also used to correct the red part of the J0811+4730 spectrum for telluric absorption lines. Additionally, calibration frames of biases, flats and comparison lamps were obtained during the daytime, after the observations. The MODS Basic CCD Reduction package modsCCDRed 3 was used for bias subtraction and flat field correction, while wavelength and flux calibration was done with iraf 4 . Finally, all MODS1 and MODS2 subexposures were combined. The one-dimensional spectrum of J0811+4730 shown in Fig. 1 was extracted in a 1.2 arcsec aperture along the spatial axis. Strong emission lines are present in this spectrum, suggesting active star formation. In particular, a strong [O iii] λ4363 emission line is detected, allowing a reliable abundance determination. Because of the importance of this line, we have checked whether its flux can be affected by such events as cosmic ray hits. We find that the flux ratio of [O iii] λ4363 to the nearest Hγ λ4340 emission line is nearly constant in all MODS1 and MODS2 subexposures, varying by not more than 1 -2 per cent. This implies that the [O iii]λ4363 emission line is not affected by cosmic ray hits.
Emission-line fluxes were measured using the iraf splot routine. The errors of the line fluxes were calculated from the photon statistics in the non-flux-calibrated spectra, and by adding a relative error of 1 per cent in the absolute flux distribution of the spectrophotometric standard star. They were then propagated in the calculations of the elemental abundance errors.
The observed fluxes were corrected for extinction, derived from the observed decrement of the hydrogen Balmer emission lines Hα, Hβ, Hγ, Hδ, H9, H10, H11, and H12. Two lines, H7 and H8, were however excluded because they are blended with other lines. The equivalent widths of the underlying stellar Balmer absorption lines, assumed to be the same for each line, were derived simultaneously with the extinction in an iterative manner, following Izotov et al. (1994). They are shown in Table 2 . All hydrogen lines were corrected for underlying absorption, in addition to correction for extinction. It is seen from Table 2 that the corrected fluxes of the H9 -H16 emission lines are somewhat larger than the case B values. This is probably due to an overcorrection of underlying absorption for these higher order lines. However, this overcorrection makes little difference on the determination of extinction which depends mainly on the observed decrement of the Hα, Hβ, Hγ and Hδ emission lines. We note that excluding Hα, the only Balmer hydrogen line observed in the red part of the spectrum, in the extinction determination would result in a somewhat higher extinction coefficient, C(Hβ) = 0.185 compared to the value of 0.165 in Table 2 . This disagreement is small, within the errors. It probably comes from a slight mismatch between the blue and red parts of the spectrum, not exceeding a few per cent of the continuum flux in the overlapping wavelength range. We have adopted the value of 0.165. It is somewhat higher than the C(Hβ) expected for extremely lowmetallicity SFGs. However, part of this extinction is due to the Milky Way with relatively high A(V )MW = 0.180 mag according to the NASA/IPAC Extragalactic Database (NED) and corresponding to C(Hβ)MW=0.085. Therefore, the internal extinction coefficient in J0811+4730 is only C(Hβ)int=0.080. We have adopted the reddening law by Cardelli, Clayton & Mathis (1989) with a total-to-selective extinction ratio R(V ) = 3.1.
The observed emission-line fluxes F (λ)/F (Hβ) multiplied by 100, the emission-line fluxes corrected for underlying absorption and extinction I(λ)/I(Hβ) multiplied by 100, the extinction coefficient C(Hβ), the rest-frame equivalent width EW(Hβ), the equivalent width of the Balmer absorption lines, and the observed Hβ flux F (Hβ) are listed in Table 2 . We note that the EW(Hβ) in J0811+4730 is high, ∼ 280Å, implying that its optical emission is dominated by radiation from a very young burst, with age ∼ 3 Myr.
It is seen in Fig. 1 that the ratio of Hα and Hβ peak intensities (slightly larger than 2) is lower than the ratio of their total fluxes (about a factor of 3). This is in large part due to the somewhat different spectral resolution of the blue and red spectra of J0811+4730, as they were obtained with different gratings. Indeed, the full widths at half maximum (FWHMs) of Hα and Hβ are 4.4Å and 2.9Å, respectively. These widths are larger than the widths of the Ar lines of 3.6Å and 2.2Å in the blue and red comparison spectra, respectively, indicating that both profiles are partially resolved. By deconvolving the instrumental profiles from the observed profiles, we obtain an intrinsic velocity dispersion σ of ∼45±5 km s −1 for both the Hα and Hβ emission lines. This value is separately derived from each of the MODS1 and MODS2 spectra. The uncertainty is derived from the Gaussian fitting of both lines, followed by the deconvolution of their profiles.The velocity dispersion value is fully consistent with the one expected from the L(Hβ) -σ relation for supergiant H ii regions (e.g. Chávez et al. 2012) , and supports the assumption that the emission lines originate from a single H ii region.
ELEMENT ABUNDANCES
The procedures described by Izotov et al. (2006) are used to determine element abundances from the LBT spectrum. We note that SDSS spectra of J0811+4730 are available in Data Releases 13 and 14, but they cannot be used for abundance determination because the strong lines are clipped in those spectra. The temperature Te(O iii) is calculated from the [O iii] λ4363/(λ4959 + λ5007) emission-line flux ratio. It is used to derive the abundances of O 2+ , Ne 2+ and Ar 3+ . To obtain the abundances of O + , N + , S + and Fe 2+ , the electron temperature Te(O ii) needs to be derived. In principle, this can be done by using the [O ii]λ3727/(λ7320+λ7330) flux ratio. However, the latter two lines are extremely weak in the spectrum of J0811+4730, making such a determination of Te(O ii) not possible. Similarly, the electron temperature Te(S iii) is needed to derive the S 2+ and Ar 2+ abundances. It can be obtained from the [S iii] λ6312/(λ9069+λ9531) flux ratio. However, the [S iii] λ6312 line is very weak (Table 2) and the [S iii] λ9069 line, at the J0811+4730 redshift, falls at the wavelength of ∼9475Å, in a region with numerous night sky emission lines (e.g., fig. 9 in Law et al. 2011 ) and telluric absorption lines (e.g., fig. 1 in Rudolf et al. 2016 ). Furthermore, the strongest [S iii] λ9531 line is at the very edge of the LBT spectrum, where the sensitivity is low. All these factors make the determination of Te(S iii) somewhat uncertain. In fact, using the [S iii]λ6312 and [S iii]λ9069 fluxes from Table 2 , equations from Aller (1984) and adopting [S iii]λ9531/λ9069 = 2.4 we derive the high and very uncertain value Te(S iii) = 27000±6000K.
Therefore we have used the expressions of Izotov et al. (2006) , obtained from photoionized H ii region models, to derive the electron temperatures Te(O ii) and Te(S iii). We have also adopted the errors for these temperatures to be equal to the error for the electron temperature Te(O iii). The errors quoted for Te(O ii) and Te(S iii) should be considered as lower limits as they do not take into account the uncertainty introduced by our reliance on grids of photoionization models to determine these temperatures. These models show inevitably a dispersion due to varying parameters such as ionization parameter, electron number density, chemical composition, etc., that will increase the uncertainty in these two temperatures. The electron number density Ne(S ii) is derived from the [S ii] λ6717/λ6731 emission line ratio. However, it is not possible to obtain the electron number density from the [O ii]λ3726/λ3729 flux ratio because of the insufficient spectral resolution.
The total oxygen abundance is derived as follows:
where the abundances of ions O + , O 2+ , O 3+ are obtained using the relations of Izotov et al. (2006) . For ions of other heavy elements, we also use the relations of Izotov et al. (2006) to derive the ionic abundances, the ionization correction factors and the total heavy element abundances.
The electron temperatures, electron number densities, ionic abundances, ionization correction factors and total heavy element abundances are presented in Table 3 . The electron temperature Te(O iii) = 21700 ± 500 K is derived from the fluxes of [O iii] lines, which were obtained with a high signal-to-noise ratio. The relatively high value of Te(O iii) is a consequence of the very low metallicity of J0811+4730. We note that a temperature of 20000 K has been determined in some extremely metal-poor galaxies (e.g. Izotov et al. 2009 ). cloudy models also predict the temperature range 20000 -23000 K for objects with 12+logO/H ∼ 7.0, depending on the input parameters.
We derive an oxygen abundance of 12+logO/H = 6.98±0.02, making J0811+4730 the lowest-metallicity SFG known, and the first galaxy with an oxygen abundance below 7.0. We have also derived the oxygen abundance from the MODS1 and MODS2 spectra separately. We obtain respectively 12+logO/H = 6.98±0.03 and 6.97±0.03, fully consistent with the value obtained from combining all data. If we had adopted the higher extinction coefficient C(Hβ) = 0.185, derived from the hydrogen Balmer decrement by excluding the Hα emission line, we would have obtained an electron temperature higher by 150 K and a slightly lower oxygen abundance, 12+logO/H = 6.975±0.019. The N/O, Ne/O, S/O, Ar/O and Fe/O abundance ratios for this galaxy, shown in Table 3 , are similar to those derived for low-metallicity SFGs (e.g., Izotov et al. 2006) . We note that the error of the electron temperature Te(O ii) has little impact on the error of 12+logO/H. Adopting an error equal to 1500 K instead of 500 K in error from 500 K to 1500 K would result in increasing the errors in log S/O and log Ar/O by ∼ 0.03 dex.
INTEGRATED CHARACTERISTICS OF J0811+4730
To derive the integrated characteristics of J0811+4730, we adopt the luminosity distance D = 205 Mpc. It was obtained from the galaxy redshift with the NED cosmological calculator (Wright 2006) , adopting the cosmological parameters H0 = 67.1 km s −1 Mpc −1 , Ωm = 0.318, ΩΛ = 0.682 (Planck Collaboration XVI 2014) and assuming a flat geometry. The absolute SDSS g magnitude, corrected for the Milky Way extinction Mg = −15.41 mag (Table 1) , characterizes J0811+4730 as a dwarf SFG.
Hβ luminosity and star-formation rate
To derive the total Hβ luminosity L(Hβ), we need to correct the observed Hβ flux in the SDSS spectrum for extinction and spectroscopic aperture. Since the strong emission lines in the SDSS spectrum of J0811+4730 are clipped we adopt the extinction coefficient C(Hβ) = 0.165 obtained from the observed hydrogen Balmer decrement in the LBT spectrum. The aperture correction is determined as 2.512 gap −g , where, g = 21.38±0.05 mag and gap = 22.28±0.08 mag are respectively the SDSS total modelled magnitude and the magnitude inside the spectroscopic aperture of 2 arcsec in diameter. Both quantities, g and gap, are extracted from the SDSS data base. Using these data we obtain a correction factor of 2.3, which is applied to the Hβ luminosity and some other quantities, such as the stellar mass M⋆, obtained from both SDSS and LBT spectra. Here we have assumed that the spatial brightness distributions of the continuum and the hydrogen emission lines are the same. We have checked this assumption by examining the LBT long-slit spectrum. We find from this spectrum that the brightness distributions of Hβ, Hα and the adjacent continua are indeed nearly identical, with FWHMs of ∼ 0.6 arcsec, indicating that the galaxy is mostly unresolved. This angular size corresponds to an upper limit of the galaxy linear size at FWHM of ∼ 600 pc.
The star-formation rate (SFR) in J0811+4730, derived from the aperture-and extinction-corrected Hβ luminosity L(Hβ) using the Kennicutt (1998) calibration, is 0.48 M⊙ yr −1 .
Stellar mass
Fitting the spectral energy distribution (SED) of a galaxy is one of the most commonly used methods to determine its stellar mass (e.g. Cid Fernandes et al. 2005; Asari et al. 2007 ). The advantage of this method is that it can be applied to galaxies at any redshift and can separate stellar from nebular emission. Here we derive the stellar mass of J0811+4730 from fitting the SEDs of both its SDSS and LBT spectra.
Given the data at hand, it is the only method we can use. The equivalent width of the Hβ emission line in both spectra of J0811+4730 is high, EW(Hβ) ∼ 280Å, indicating that star formation occurs in a burst and that the contribution of the nebular continuum is also high and should be taken into account in the SED fitting, in addition to the stellar emission. In particular, the fraction of the nebular continuum near Hβ is ∼ 30 per cent, and it is considerably higher near Hα. The details of the SED fitting are described e.g. in Thuan (2011) and Izotov et al. (2015) . The salient features are as follows. We carried out a series of Monte Carlo simulations to reproduce the SED of J0811+4730. To calculate the contribution of the stellar emission to the SEDs, we adopted the grid of the Padua stellar evolution models by Girardi et al. (2000) with heavy element mass fraction Z = 0.0004, or 1/50 solar. To reproduce the SED of the stellar component with any star-formation history, we used the Starburst99 models (Leitherer et al. 1999 (Leitherer et al. , 2014 to calculate a grid of instantaneous burst SEDs for a stellar mass of 1 M⊙ in a wide range of ages from 0.5 Myr to 15 Gyr, and Lejeune, Buser & Cuisiner (1997) stellar atmosphere models. We adopted a stellar initial mass function with a Salpeter slope (Salpeter 1955) , an upper mass limit of 100 M⊙, and a lower mass limit of 0.1 M⊙. Then the SED with any star-formation history can be obtained by integrating the instantaneous burst SEDs over time with a specified time-varying SFR.
We approximated the star-formation history in J0811+4730 by a recent short burst forming young stars at age ty < 10 Myr and a prior continuous star formation with a constant SFR responsible for the older stars with ages ranging from t2 to t1, where t2 > t1 and varying between 10 Myr and 15 Gyr. Zero age is now. The contribution of each stellar population to the SED was parameterized by the ratio of the masses of the old to young stellar populations, b = My/Mo, which we varied between 0.01 and 100.
The total modelled monochromatic (nebular and stellar) continuum flux near the Hβ emission line for a mass of 1 M⊙ was scaled to fit the monochromatic extinctionand aperture-corrected luminosity of the galaxy at the same wavelength. The scaling factor is equal to the total stellar mass M⋆ in solar units. In our fitting model, M⋆ = My +Mo, where My and Mo were derived using M⋆ and b.
The SED of the nebular continuum was taken from Aller (1984) . It included hydrogen and helium free-bound, freefree, and two-photon emission. In our models, this was always calculated with the electron temperature Te(H + ) of the H + zone, which is not necessarily equal to Te(O iii). We thus vary it in the range (0.95 -1.05)×Te(O iii). The fraction of the nebular continuum near Hβ is defined as the ratio of the observed EW(Hβ) to the pure nebular value, which is ∼ 900 -1000Å, depending of the electron temperature. The observed intensities of the emission lines from the LBT spectrum were corrected for reddening and scaled using the flux of the Hβ emission line and were added to the calculated nebular continuum. However, these lines were not used in the SED fitting, because we fit only the continuum. We also varied the extinction coefficient C(Hβ)SED in the range of (0.9 -1.1)×C(Hβ), where C(Hβ) = 0.165, the extinction coefficient derived from the observed hydrogen Balmer decrement in the LBT spectrum. For J0811+4730, we calculated 5×10 5 Monte Carlo models for each of the SDSS and LBT spectra by varying ty, t1, t2, b, and C(Hβ)SED. The best model should satisfy three conditions. First, the modelled EW(Hβ) should match the observed value, within the adopted range between 0.95 and 1.05 times its nominal value. Second, the modelled EW(Hα) should also match the observed value, in the same range between 0.95 and 1.05 times its nominal value. As compared to our previous work, this condition is introduced here for the first time as it would better constrain the models. Third, among the models satisfying the first and the second conditions, the best modelled SEDs of the SDSS and LBT spectra were found from χ 2 minimization of the deviation between the modelled and the observed continuum at ten wavelength ranges, which are selected to cover the entire spectrum and to be free of emission lines and residuals of night sky lines.
From the fit of the SDSS spectrum, we find that the best model for the stellar population consists of young stars with an age ty = 3.28 Myr and a stellar mass My = 10 6.13 M⊙, and of older stars formed continuously with a constant SFR over the time period from 770 Myr to 930 Myr and a stellar mass Mo = 10 5.59 M⊙, or 3.5 times lower than the stellar mass of the young stellar population. Correspondingly, the total stellar mass of the galaxy is M⋆ = My + Mo = 10 6.24±0.33 M⊙. This implies that 78% of the total stellar mass has been formed during the most recent burst of star formation. Similarly, from the fit of the LBT spectrum, we derive My = 10 6.18 M⊙ for the young population with an age ty = 3.28 Myr, and a mass Mo = 10 5.63 M⊙ of older stars formed continuously with a constant SFR over the time period from 100 Myr to 290 Myr. This corresponds to a total stellar mass M⋆ = 10 6.29±0.06 M⊙, in agreement, within the errors, with the value obtained from fitting the SDSS spectrum. All masses obtained from the SDSS spectrum have been corrected for aperture effects using the SDSS g-band total magnitude and the g magnitude inside the 2 arcsec SDSS aperture. This correction would be somewhat different for the LBT spectrum obtained with a 1.2 arcsec wide slit. We do not have enough data to determine the LBT aperture correction accurately, so for the sake of simplicity, we have adopted the same aperture correction for the LBT data as for the SDSS data. The good agreement between the SDSS and LBT stellar masses suggests that this procedure is not too far off.
We note that the determination of the age and the mass of the old stellar population is somewhat uncertain because its contribution to the continuum in the optical range is low, not exceeding 6 per cent near Hβ and 7 per cent near Hα in the best model. However, even if we fix the formation period of the old stellar population to be between 1 Gyr and 10 Gyr ago, i.e. we assume the least luminous old stellar population with the highest mass-to-luminosity ratio, we still find from SED fitting a small total stellar mass M⋆ ∼ 10 6.34 M⊙. Moreover, setting additionally C(Hβ) = 0 in the SED fitting does not change the conclusion about the low galaxy stellar mass.
The rest-frame extinction-corrected SDSS and LBT spectra overlaid by the SEDs of the best models are shown in Fig. 2a and 2b , respectively. The nebular, stellar and total (nebular plus stellar) SEDs are shown respectively by thin solid, dashed and thick solid lines. We use only regions clean of galaxy emission lines and night-sky residuals to fit the SEDs. They are shown in Fig. 2 by short horizontal lines.
We find that the contribution of the nebular continuum near the Hβ emission line is nearly 32 per cent of the total continuum emission in that region. Furthermore, the SED of the nebular continuum is shallower than the stellar continuum SED (compare the thin solid and dashed lines in Fig. 2 ). This makes the fraction of nebular continuum increase to ∼50 per cent of the total near the Hα emission line. Therefore, neglecting the nebular continuum, i.e. assuming that the continuum shown by the thick solid line in Fig. 2 is purely stellar in origin, would result in an older stellar population and a larger stellar mass. Indeed, with this assumption, we find a stellar mass which is 0.56 dex higher than the one derived above. This overestimate of the stellar mass is consistent with the finding of Izotov et al. (2011) who compared the stellar mass determinations for similar compact SFGs, dubbed "Green Peas", with the method described in this paper and the method used by Cardamone et al. (2009), which does not take into account nebular continuum emission. Izotov et al. (2011) found that the neglect of the nebular continuum contribution would result in an overestimate of the stellar masses of compact SFGs with EW(Hβ) 100Å by 0.4 dex on average. In principle, the stellar mass of the old stellar population in galaxies can be estimated from the SDSS i magnitude, if all light in this band is stellar and assuming a value for the mass-to-light ratio which for the oldest stars is ∼ 1, if the mass and luminosity are expressed in solar units. However, this technique does not work for J0811+4730 because the contribution of the cool and old stars to its i-band luminosity is small. To demonstrate this, we show in insets of Fig. 2 the parts of the spectra that fall into the SDSS i-band, with the dotted lines representing the i-band transmission curve, with a full passband width FWHM ∼1200Å. It is seen that the Hα emission line, with a EW(Hα) of ∼ 1700Å, is redshifted to a wavelength where the sensitivity of the transmission curve is still ∼1/3 of its maximum value. Therefore, the Hα line contributes, within the spectroscopic aperture, 1/3×EW(Hα)/(1/3×EW(Hα) + FWHM) ∼ 1/3 of the light in the i-band. Furthermore, to account for the high value of EW(Hα), about half of the remaining light must be due to the nebular continuum (compare the dashed and thin solid lines in the insets of Fig. 2 ). This nebular continuum comes from hydrogen recombination and free-free emission and cannot be neglected. We estimate that only ∼ 1/3 of the J0811+4730 light in the i-band is of stellar origin. Furthermore, a major fraction of this stellar emission comes from the Rayleigh-Jeans tail of the radiation distribution of hot and luminous young stars. We thus conclude that only a small fraction of the i-band light comes from the old stellar population and that photometry cannot be used for simple mass estimates of the old stellar population in J0811+4730. Only SED fitting of spectra, which includes both the stellar and nebular emission in a wide range of wavelengths, can give physically justified estimates.
The low stellar mass M⋆, in addition to its faint absolute magnitude, characterizes J0811+4730 as a dwarf SFG.
Comparison with I Zw 18
We test the robustness of our method of stellar mass determination by applying it to another extremely metal-poor SFG, I Zw 18. This SFG has been selected because its stellar mass can be determined by at least another indepen-dent method. Annibali et al. (2013) have used the CMD of its resolved stellar populations to derive a stellar mass of >10 7.24 M⊙ of its main body, adopting a distance of 18.2 Mpc (Aloisi et al. 2007) . This is to be compared with the stellar mass obtained from the SED fitting described above. We use the SDSS spectra of the two brightest NW and SE components constituting the main body of I Zw 18. We obtain aperturecorrected stellar masses 10 7.34 M⊙ and 10 6.30 M⊙ for the NW and SE components, respectively. The total stellar mass of the I Zw 18 main body derived by SED fitting is therefore 10 7.38 M⊙, consistent with the lower limit derived by Annibali et al. (2013) from the CMD.
Mass-to-luminosity ratio
In Fig. 3 we show the stellar mass-to-luminosity ratio vs. stellar mass diagram for some of the most metal-poor SFGs known (filled circles). The galaxy J0811+4730 is encircled. For three SFGs (J0811+4730, AGC 198691 and I Zw 18), we use SDSS g-band luminosities calculated from the modelled total apparent magnitudes and adopting the absolute g-band magnitude of 5.45 mag for the Sun (Blanton et al. 2003) . We note that the total magnitude used for I Zw 18 includes both the SE and NW components. The photometric data for SBS 0335−052E are not present in the SDSS data base. We have therefore adopted for it the B magnitude given by Pustilnik, Pramskij & Kniazev (2004) , taking the absolute B magnitude of the Sun to be 5.48 (Binney & Merrifield 1998) . We have used the stellar masses of AGC 198691 and SBS 0335−052E derived by Hirschauer et al. (2016) and Izotov et al. (2014) , respectively. The stellar masses of I Zw 18 and of J0811+4730 are derived in this paper by SED fitting of their SDSS spectra.
The mass-to-luminosity ratio of J0811+4730 is extremely low, ∼ 1/100, as derived from both the SDSS and LBT SEDs, or approximately one order of magnitude lower than the mass-to-luminosity ratio of the second most metalpoor galaxy known, SFG AGC 198691 (Hirschauer et al. 2016) , and of I Zw 18 (Fig. 3) , but only a factor of 3 lower than that of another extremely metal-deficient SFG, SBS 0335−052E. For comparison, we show also in Fig. 3 by grey dots the compact SFGs in the SDSS DR12 (Izotov et al. 2016) . The stellar masses for these galaxies are derived from the SEDs, using the same technique as described above. It is evident that, compared to J0811+4730, the majority of the compact SFGs in the SDSS DR12 are characterised by much higher M⋆/Lg ratios. However, there is a small, but non-negligible number of SFGs with mass-to-luminosity ratios similar to that of J0811+4730. They are characterized by high equivalent widths EW(Hβ) (> 200Å), as derived from their SDSS spectra.
To study and compare the evolutionary status of compact SFGs, we present in Fig. 3 Starburst99 continuous star formation models with a constant SFR, occurring from a specified time t in the past to the present. For the sake of definiteness, models have been calculated for a metallicity of 1/20 solar. They are shown by dotted lines, labelled by their SFRs which vary from 0.001 to 10 M⊙ yr −1 . We indicate by horizontal solid lines the M⋆/Lg ratios corresponding to t = 1 Myr, 10 Myr, 100 Myr, 1 Gyr and 10 Gyr. The behavior of models for other metallicities is similar to that represented in Fig. 3 . It is seen in the Figure that for t 10 Myr, corresponding to a burst model, the M⋆/Lg ratio is very low, ∼ 0.01, and nearly constant, with a value consistent with the one for an instantaneous burst (Leitherer et al. 1999 ). For larger t, the M⋆/Lg ratio increases with stellar mass, following the relation ∼ M 2/3 ⋆ , with a corresponding increase of the mass fraction of old stars, approximately following the relation [M⋆(t) -M⋆( 10 Myr)]/M⋆(t). It is interesting to note that the distribution of compact SFGs from the SDSS DR12 (grey dots in Fig. 3 ) follows these relations, with an increasing mass fraction of stars with age > 10 Myr in more massive compact SFGs, in agreement with the conclusion of Izotov et al. (2011) .
According to our SED fitting, a considerable fraction of the stellar mass in J0811+4730 was created during the last burst of star formation. As for the other very metalpoor SFGs shown in Fig. 3 , the mass fraction of older stars is higher. According to the locations of I Zw 18, SBS 0335−052E and AGC 198691 in this diagram, older stars with age > 10 Myr dominate the stellar mass in those galaxies.
The models in Fig. 3 include both the stellar and nebular continua. However, we note the important contribution of the Hβ and [O iii]λ4959, λ5007 emission lines to Lg in SFGs with a very high EW(Hβ). Therefore, to compare the M⋆/Lg of those SFGs with model predictions, the contribution of the emission lines should be subtracted from the Lg's derived from their g-band magnitudes. The magnitude of the effect depends on the EW(Hβ) and the metallicity. To demonstrate this, we show in Fig. 3 by an open triangle the location of the compact SFG J0159+0751 with a M⋆/Lg ratio far below the model predictions. This SFG, with an oxygen abundance 12+logO/H = 7.55, is characterised by a very high [O iii]λ5007/[O ii]λ3727 flux ratio of 39 and an EW(Hβ) = 347Å, indicative of a very young starburst (Izotov, Thuan & Guseva 2017) . However, subtracting the nebular line emission would put J0159+0751 in the region allowed by models (shown by an upward arrow in Fig. 3 ). Excluding nebular line emission results in a more modest upward shift for J0811+4730, also shown by an arrow. The shift is smaller because of a much lower metallicity and thus a much fainter [O iii]λ4959, λ5007 emission. For the other most metal-poor SFGs shown in Fig. 3 , the contribution of nebular emission lines is even lower because of their considerably lower EW(Hβ). Izotov et al. (2012) and Guseva et al. (2017) have demonstrated that the lowest-metallicity SFGs occupy a region in the diagram by Baldwin, Phillips & Terlevich (1981) (hereafter BPT) , that is quite different from the location of the main-sequence defined by other nearby SFGs. This fact is clearly shown in Fig. 4a . The data for the lowest-metallicity SFGs in this Figure are presented in Table 4 . The references in the Table are from 0 to 6 Myr. The direction of age increase is indicated by the downward arrow. The models are calculated with the cloudy code c13.04 (Ferland et al. 1998 (Ferland et al. , 2013 , adopting a production rate of ionizing radiation Q = 10 53 s −1 and a filling factor f = 10 −1 . Since the location of the theoretical relations depends on the adopted input N/O abundance ratio, we have adopted logN/O = −1.5 for models with 12+logO/H = 7.3, and logN/O = −1.2 for models with 12+logO/H = 8.0, values that are typical of low-metallicity SFGs (e.g. Izotov et al. 2006) . The part of the modelled dependence with 12+logO/H = 8.0 and starburst ages 0 -4 Myr, corresponding to the stages with highest Hβ luminosities and equivalent widths, is shown by a thicker solid line. Izotov et al. (2016) selected the SDSS DR12 compact SFGs (grey dots) to have high EW(Hβ) and thus they correspond to this part of the modelled sequence.
EMISSION-LINE DIAGNOSTIC AND METALLICITY-LUMINOSITY DIAGRAMS
We note however that the location of the modelled sequences in Fig. 4 depends on the adopted input parameters and therefore they are shown only to illustrate dependences on metallicities. The location of main-sequence SFGs is closest to models with oxygen abundance 12+logO/H = 8.0. For comparison, we also show the modelled dependences with a fixed starburst age of 0 Myr, but varying the filling factor in the range 10 −1 -10 −3 for oxygen abundances 12 + logO/H = 8.0 (dotted line) and 8.3 (dash-dotted line). The effect of an increasing filling factor is shown by an upward arrow. These models reproduce much better the location of the main-sequence SFGs (grey dots). This is to be expected since Izotov et al. (2016) selected from the SDSS DR12 only compact SFGs with high EW(Hβ), as noted above, i.e. with young bursts. On the other hand, the location of the lowestmetallicity SFGs agrees well with models calculated for an oxygen abundance 12+logO/H = 7.3.
Similarly, the lowest-metallicity SFGs are located in the O32 -R23 diagram in a region which is very different from that of the main-sequence of the SDSS SFGs (Fig. 4b) , with J0811+4730 being one of the galaxies most shifted to the left (encircled filled circle). These shifts to the left are again primarily due to lower metallicities. This is seen by comparing the predictions of models with varying starburst age for 12+logO/H = 7.3 (dashed line) and 8.0 (solid line). It is also seen that models for zero-age starbursts with varying filling factors for 12+logO/H = 8.0 (dotted line) and 8.3 (dash-dotted line) reproduce much better the location of the main-sequence galaxies (grey dots) as compared to the modelled sequence of bursts with a varying age (solid line). We emphasize that the modelled emission-line ratios in Fig. 4 have been calculated taking into account only stellar ionizing radiation. These ratios may be changed if additional sources of ionization and heating such as shocks and X-ray emission are present. Inclusion of these additional sources would enhance the [O ii]λ3727 emission line relative to the [O iii]λ5007 emission line (e.g. Stasińska et al. 2015) , reducing O32 and shifting the modelled sequences downward.
Finally, in Fig. 5 we present the oxygen abundanceabsolute magnitude relation for SFGs. For some galaxies, absolute B-band magnitudes have been adopted, while for others absolute SDSS g-band magnitudes have been used. This difference in the adopted magnitudes will change little the distributions of SFGs in Fig. 5 because the differences in g and B magnitudes for SFGs are small, 0.1 mag. We also note that MB for AGC 198691 in Table 4 is derived assuming a distance of 16 Mpc.
Oxygen abundances for all galaxies shown in this Figure have been derived by the direct Te method. In particular, only compact SFGs from the SDSS DR12 (grey dots) with an [O iii]λ4363 emission line detected in their spectra with an accuracy better than 50 per cent, allowing a reasonably good determination of 12+logO/H by the direct method, are included. Following Izotov et al. (2015) , we stress the importance of using the same method of metallicity determination for all data, to exclude biases introduced by different methods and to produce an homogeneous set of data. In particular, Izotov et al. (2015) showed that, concerning the often cited oxygen abundance -absolute magnitude and oxygen abundance -stellar mass relations derived for SFGs by Tremonti et al. (2004) , the metallicities derived by strong-line methods can be by as much as 0.5 dex higher compared to the metallicities derived by the direct method for the same SFGs. They are inconsistent with those derived by other strong-line methods such as those proposed e.g. by Pettini & Pagel (2004) , Pilyugin & Thuan (2005) and Izotov et al. (2015) . Those authors calibrated their relations using oxygen abundances derived by the direct method, and the abundances obtained from their calibrations are thus consistent with the Te method.
The lowest-metallicity SFGs present a wide range of absolute magnitudes. The two galaxies with the lowest luminosities are Leo P (Skillman et al. 2013 ) and AGC 198691 (Hirschauer et al. 2016 ). The first galaxy follows well the relation found by Berg et al. (2012) for relatively quiescent SFGs, while the second one deviates somewhat from it to a higher luminosity.
On the other hand, some other lowest-metallicity SFGs, including J0811+4730, strongly deviate from the Berg et al.
(2012) relation. Izotov et al. (2012) and Guseva et al. (2017) have attributed these deviations to the enhanced brightnesses of the galaxies undergoing active star formation. In particular, we estimate that the luminosity increase for J0811+4730 with its high EW(Hβ) would be as much as 2 magnitudes, due to the contribution of the nebular continuum and emission lines to the g-band luminosity. However, such an increase is insufficient to explain the whole deviation.
Additionally, these galaxies can also be chemically unevolved objects with a short star formation history, having too low metallicities for their high luminosities. Indeed, star formation in a system such as SBS 0335−052E is very different from that in dwarfs like Leo P and AGC 198691. It is currently undergoing a powerful burst, giving birth to bright low-metallicity super-star clusters containing thousands of massive O-stars (Thuan, Izotov & Lipovetsky 1997) , followed by a delayed element enrichment. A similar scenario can be at work in J0811+4730 and at high redshifts, in zerometallicity dwarf primeval galaxies, undergoing their first burst of star formation.
Finally, Ekta & Chengalur (2010) have proposed to explain these low metallicities by the infall of gas from galactic halos. The effective mixing of the metal-poor gas in the halos with the more metal-rich gas in the central part of the galaxies will dilute the latter, decreasing its metallicity. Clearly more observational and modelling work is needed to understand the true nature of J0811+4730.
CONCLUSIONS
In this paper we present Large Binocular Telescope (LBT) spectrophotometric observations of the compact star-forming galaxy (SFG) J0811+4730 selected from the Data Release 13 (DR13) of the Sloan Digital Sky Survey (SDSS). We find that the oxygen abundance of this galaxy is 12+logO/H = 6.98±0.02, the lowest ever found for a nearby SFG, and the first one below 12+logO/H = 7.0. J0811+4730 strongly deviates from the SDSS main- λ5007)/Hβ diagrams because of its extremely low metallicity. In the same way as other galaxies with very low metallicities, it is also strongly offset in the oxygen abundance -absolute magnitude diagram from the relations defined by nearby galaxies (Berg et al. 2012 ) and compact SFGs (Izotov et al. 2016 ). This offset can probably be explained by a combination of its chemically unevolved nature, an enhanced brightness of its star-forming regions, and gas infall resulting in the dilution of the more metal-rich gas in the inner region by the outer more metal-poor gas in the halo.
The properties of the local lowest-metallicity SFGs are likely close to those of the high-redshift low-luminosity SFGs recently found at z > 3 ( Karman et al. 2017) , and thought to have played an important role in the reionization of the Universe at z > 5 (Ouchi et al. 2009 ).
